4 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 







(12) 



(ID EP1 103 462 A1 

EUROPEAN PATENT APPLICATION 



(43) Date of publication: 

30.05.2001 Bulletin 2001/22 

(21) Application number: 00204171.3 

(22) Date of filing: 23.1 1 .2000 



(51) mtci7: B64D 15/04, F02C 7/047, 
B64C 1/40 



(84) 


Designated Contracting States: 


• Olsen, Ronald F. 




AT BE CH CY DE DK ES Fl FR GB GR IE IT LI LU 


Woodinville, Washington 98072 (US) 




MC NL PT SETR 


• Kunze, Robert K., Jr. 




Designated Extension States: 


Udall, Kansas 67146 (US) 




AL LT LV MK RO SI 


• Riedel, Brian L. 

Augusta, Kansas 67010 (US) 


(30) 


Priority: 23.11.1999 US 448524 


(74) Representative: 


(71) 


Applicant: THE BOEING COMPANY 


Land, Addick Adrianus Gosling et al 


Seattle, Washington 98124-2207 (US) 


Arnold & Siedsma, 




Ad vo eaten en Octrooigemachtigden, 


(72) 


Inventors: 


Sweelinckplein 1 


• 


Breer, Marlln D. 

Wichita, Kansas 67203 (US) 


2517 GK Den Haag (NL) 



(54) Method and apparatus for aircraft inlet ice protection 



(57) An inlet ice protection system (60), and meth- 
ods for making and using ice protection systems. The 
inlet (50) includes an acoustic liner (70a,70b) having a 
perforated face sheet (71 a, 71b), a perforated back 
sheet (72a,72b), and an acoustic core (75a,75b) be- 
tween the face sheet and the back sheet. The perfora- 
tions through the face sheet are sized to allow acoustic 



energy to be transmitted to and dissipated in the acous- 
tic core, and the perforations in the back sheet are sized 
to transmit hot gas through the acoustic liner to the sur- 
face of the inlet to heat the inlet and prevent and/or re- 
strict ice formation on the inlet. The face sheet can have 
a higher porosity than the back sheet, and both the 
sheets and the core can be formed from titanium to with- 
stand high gas temperatures. 
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Description 

TECHNICAL FIELD 

[0001] The present invention is directed toward meth- 
ods and apparatuses for protecting acoustically treated 
aircraft inlets from ice formation. 

BACKGROUND OF THE INVENTION 



static and dynamic pressure gradients on the inlet inner 
surface caused by the inlet flow field. For example, the 
pressure at any point in the inlet flow field can be a func- 
tion of the location in the flow field, aircraft attitude, and 
the engine power setting. The altered hot air distribution 
may reduce the efficiency with which the system oper- 
ates. 

SUMMARY OF THE INVENTION 
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[0002] Many commercial jet aircraft are subject to 
governmental regulations that limit the permissible 
noise levels generated by the aircraft near airports. One 
source of noise from jet aircraft is engine noisethat prop- 
agates forward from the engine through the air intake or 
inlet. One method for attenuating inlet noise is to line 
the inlet with an acoustic liner that includes a honey- 
comb core sandwiched between a perforated front 
sheet and a solid back sheet. Accordingly, each cell of 
the honeycomb core has an opening at the front sheet 
and defines a Helmholtz resonator. The perforated front 
sheet is aligned with the inlet flow so that sound waves 
in the inlet pass through the front sheet and into honey- 
comb core where they are dissipated. The acoustic liner 
typically extends along the inner surface of the inlet to 
the engine. 

[0003] Commercial jet aircraft inlets also typically in- 
clude ice protection systems to restrict ice formation on 
the aircraft when flying in icing conditions. During such 
flights, ice can form at the inlet hilite and along the inlet 
inner and outer surfaces. To prevent ice from accumu- 
lating in the inlet, ice protection systems are designed 
to prevent the ice from forming. 
[0004] One type of inlet anti-icing system directs hot 
airfrom the engine against the backside of the inlet inner 
surface, heating the inner surface to prevent ice from 
forming. One problem with this system is that it may not 
operate effectively when the inlet is lined with an acous- 
tic liner. For example, the honeycomb cells of the acous- 
tic liner contain generally static air, which insulates the 
inlet inner surface from the hot air. This can significantly 
reduce the heat transfer rate to the inlet inner surface 
and/or increase the amount of hot air requiredto protect 
the inlet from ice formation. 

[0005] An approach to addressing this drawback is to 
have an acoustic honeycomb core with a perforated 
back sheet that allows the hot air to pass through the 
honeycomb core and the perforated front sheet. The hot 
air then transpires along the inlet inner surface. U.S. 
Patent No. 5,841 ,079 to Parent discloses such a sys- 
tem. However, this approach may also suffer from cer- 
tain drawbacks. For example, the transpiration system 
may not efficiently distribute the hot air removed from 
the engine. Accordingly, the system may require unnec- 
essarily large amounts of hot air to be bled from the en- 
gine, which can reduce engine thrust and overall aircraft 
performance. Furthermore, the distribution of the hot air 
passing through the acoustic liner may be altered by 



[0006] The present invention is directed toward meth- 
ods and apparatuses for protecting an aircraft inlet from 
ice formation. An apparatus in accordance with one as- 
pect of the invention includes an external surface por- 
ts tion, an internal surface portion positioned inwardly of 
the external surface portion, and a lip surface portion 
extending between the external surface portion and the 
internal surface portion to define a hilite. At least one of 
the lip surface portion and the internal surface portion 
20 define an inlet flow surface having a minimum flow area 
aft of the hilite. The inlet flow surface also has first ap- 
ertures defining a first porosity. A back surface is offset 
from the inlet flow surface and has second apertures de- 
fining a second porosity less than the first porosity. An 
25 acoustic core is positioned between the back surface 
and the inlet flow surface such that the first apertures 
are in fluid communication with the second apertures 
through the core. The second apertures are coupleable 
to a source of pressurized, heated gas to direct a quan- 
30 tity of the gas through the first apertures sufficient to at 
least restrict the formation of ice on the inlet flow sur- 
face. The reduced porosity of the back surface can con- 
trol the distribution of the heated gas and can improve 
the acoustic performance of the core. 
35 [0007] In another aspect of the invention, the second 
apertures are positioned only in a region at or forward 
of the minimum flow area of the inlet. In still another as- 
pect of the invention, the porosity of the inlet flow surface 

is different in a region proximate to the hilite than in a 
40 region proximate to the minimum flow area. In yet an- 
other aspect of the invention, the heated gas is provided 
to a plenum adjacent to the back surface through a sin- 
gle opening in the plenum wall. The apparatus can fur- 
ther include a deflector plate positioned to deflect the 
45 hot gas arriving from the conduit into the plenum. The 
front surface, the back surface and the honeycomb core 
can be formed from titanium to withstand temperatures 
of at least 400° F. 

[0008] The present invention is also directed to a 
so method for forming an ice protection system for an air- 
craft engine inlet. In one aspect of the invention, the 
method can include disposing an acoustic core between 
a flow surface of the inlet and a back surface of the inlet, 
forming first apertures through the flow surface and 
55 forming second apertures through the back surface to 
define a second porosity less than the first porosity. The 
second apertures are sized to pass a flow of pressurized 
heated gas through the first apertures sufficient to at 
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least restrict ice formation on the flow surface. In one 
aspect of this method, the second apertures are provid- 
ed in a region only at and/or forward of the minimum 
flow area of the inlet. 

[0009] The present invention is also directed toward 
a method for protecting an aircraft engine inlet from ice 
formation. The method can include directing pressu- 
rized heated gas through a back surface of the inlet, 
through an acoustic core adjacent to the back surface, 
and through a flow surface opposite the back surface of 
the inlet only in a region at or forward of a minimum flow 
area of the inlet. The method can further include atten- 
uating sound waves in the inlet by receiving the sound 
waves in the first apertures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Figure 1 is a partially schematic, side eleva- 
tional view of an aircraft propulsion turbine engine 
mounted in a nacelle having an ice protection system in 
accordance with an embodiment of the invention. 
[0011] Figure 2 is a partially schematic, partial cross- 
sectional side elevational view of a portion of the nacelle 
taken substantially along line 2-2 of Figure 1 . 
[001 2] Figure 3 is an exploded isometric view of a por- 
tion of the nacelle shown in Figures 1 and 2 having an 
acoustic honeycomb core in accordance with an em- 
bodiment of the invention. 

[0013] Figures 4A-4F are isometric views of honey- 
comb cores in accordance with alternate embodiments 
of the invention. 

[0014] Figure 5A is an isometric view of a flow deflec- 
tor in accordance with an alternate embodiment of the 
invention. 

[001 5] Figure 5B is an isometric view of a flow deflec- 
tor in accordance with another alternate embodiment of 
the invention. 

[0016] Figure 6A is an isometric view of a portion of a 
conduit having two apertures for delivering hot gas to a 
plenum in accordance with an embodiment of the inven- 
tion. 

[0017] Figure 6B is an isometric view of a portion of a 
conduit having two apertures for delivering hot gas to a 
plenum in accordance with another embodiment of the 
invention. 

[0018] Figure 7 is a cross-sectional view of a portion 
of a nacelle having a swirl-tube for delivering hot gas to 
a plenum in accordance with yet another embodiment 
of the invention. 

[0019] Figure 8 is a cross-sectional view of a portion 
of a nacelle having a spray bar for delivering hot gas to 
a plenum in accordance with still another embodiment 
of the invention. 

DETAILED DESCRIPTION 

[0020] The present disclosure describes methods 
and apparatuses for protecting aircraft inlets from ice 
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formation. Many specific details of certain embodiments 
of the invention are set forth in the following description 
and in Figures 1 -8 to provide a thorough understanding 
of these embodiments. One skilled in the art, however, 
5 will understand that the present invention may have ad- 
ditional embodiments, and the invention may be prac- 
ticed without several of the details described in the fol- 
lowing description. 

[0021] Figure 1 is a partially schematic, side eleva- 
10 tional view of an aircraft turbine propulsion assembly 20 
having an ice protection system 60 in accordance with 
an embodiment of the invention . The propulsion assem- 
bly 20 includes a turbine engine 22 housed in a nacelle 
30 secured to wing 31 by a strut 21 . The nacelle 30 in- 
15 eludes an inlet 50 that supplies air to the turbine engine 
.22 and a tailpipe 29 that directs exhaust products away 
from the engine 22. 

[0022] In one embodiment, the engine 22 includes a 
low-pressure compressor 24 and a high-pressure com- 

20 pressor 25 mounted on concentric spools. The com- 
pressors 24 and 25 pressurize the air provided by the 
inlet 50 and direct the pressurized air to a combustor 26. 
In the combustor 26, the pressurized air is mixed with 
fuel and burned. The hot exhaust products pass through 

25 a high-pressure turbine 27 (which drives the high-pres- 
sure compressor 25) and through a low-pressure tur- 
bine 28 (which drives the low pressure 24 and a fan 23) 
before exiting through the tailpipe 29. 
[0023] The inlet 50 is typically configured to have low 

30 external and internal drag. Accordingly, the inlet 50 can 
include a smoothly contoured external surface 51, a 
smoothly contoured internal surface 52, and a lip sur- 
face 55 extending between the external surface 51 and 
internal surface 52. The lip surface 55 defines a leading 

35 edge or hilite 53 at its forward-most point, and either the 
lip surface 55 or the internal surface 52 define a mini- 
mum inlet flow area or throat "7" aft of the hilite 53. Dur- 
ing some flight conditions, water droplets typically im- 
pinge on the inlet 50 in a region that extends roughly 

40 from the hilite 53 internally to the throat Tand externally 
along the external surface 51 . Accordingly, the ice pro- 
tection system 60 is configured to inhibit the water drop- 
lets from forming into ice by directing hot air to those 
portions of the inlet 50 generally impinged by water 

45 droplets. 

[0024] In one embodiment, the ice protection system 
60 includes a conduit 61 coupled to the low-pressure 
compressor 24 and/or the high-pressure compressor 25 
to extract a portion of the hot, compressed air from the 

50 engine 22 upstream of the combustor 26. Alternatively, 
the conduit 61 can receive hot gas from other portions 
of the engine 22 or aircraft. In either embodiment, the 
conduit 61 diverts the hot gas to the backside of the lip 
surface 55 to protect this surface from ice formation, as 

55 will be discussed in greater detail below with reference 
to Figure 2. 

[0025] Figure 2 is a partially schematic, cross-section- 
al view of a portion of the inlet 50 taken substantially 



EP 1 103 462 A1 



3 



BNSDOCID: <EP. 



1103462A1_I_> 




EP 1 103 462 A1 



along line 2-2 of Figure 1 . The inlet 50 includes a bulk- 
head 64 that divides the region between the external 
surf ace 51 and the internal surface 52 into a forward ple- 
num 66 and an aft plenum 67. Accordingly, the forward 
plenum 66 is bounded by the bulkhead 64 and the lip 
surface 55, and the aft plenum 67 is bounded by the 
bulkhead 64, the external surface 51 and the internal 
surface 52. In one aspect of this embodiment, the throat 
T intersects the internal surface 52 just aft of the bulk- 
head 64. In other embodiments the inlet 50 can have 
other configurations. For example, the inlet 50 can be 
shaped such that the throat T is positioned forward of 
the bulkhead 64 and intersects the lip surface 55. In oth- 
er embodiments, the boundaries between the lip surface 
55, the internal surface 52 and the external surface 51 
can have relative locations different than those shown 
in Figure 2 and/or these surfaces can be integral with 
each other. 

[0026] The inlet lip surface 55 includes an exterior 
portion 58 extending externally aft of the hilite 53 to the 
external surface 51 , and an interior portion 57 extending 
internally aft of the hilite 53 to the internal surface 52. In 
one aspect of this embodiment, the interior portion 57 
and the exterior portion 58 are integrally formed to de- 
fine a seamless inlet lip surface 55. In another aspect of 
this embodiment, the exterior portion 58 of the lip sur- 
face 55 is perforated and the external surface 51 in- 
cludes a honeycomb core sandwiched between solid 
face sheets. Alternatively, the exterior portion 58 can be 
a solid sheet and the external surface 51 can have other 
constructions. 

[0027] The interior portion 57 of lip surface 55 and the 
internal surface 52 together define an inlet flow surface 
56 that compresses the inlet air flow from the hilite 53 
to the throat T. The inlet flow surface 56 includes acous- 
tic liners 70, shown as a forward liner 70a forward of the 
bulkhead 64 and an aft liner 70b aft of the bulkhead 64, 
that dissipate noise transmitted through the inlet 50. 
Each of the liners 70 includes a honeycomb core 75 
sandwiched between sheets 71 and 72 (separately 
identified by reference numbers 71 a/71 b and 72a/72b 
in Figure 2). The aft liner 70b includes a honeycomb 
core 75b sandwiched between a perforated face sheet 
71b and a solid back sheet 72b. The forward liner 70a 
includes a honeycomb core 75a sandwiched between a 
perforated face sheet 71 a and a perforated back sheet 
72a. The forward liner 70a is separated from the aft liner 
70b by a sealant 78 that seals and insulates the bound- 
ary between the liners 70. In one embodiment, the for- 
ward liner 70a and the aft liner 70b can have approxi- 
mately equal depths D of from about 0.5 inch to about 
2.5 inches. Alternatively, the liners 70a and 70b can 
have different depths depending, for example, on local 
noise attenuation requirements and space availability. 
[0028] In one embodiment, the forward liner 70a ex- 
tends for a short distance around the inlet 50 external 
to the hilite 53. Alternatively, the forward liner 70a can 
have other lengths relative to the hilite 53 depending on 



the acoustic characteristics of the inlet 50. In one em- 
bodiment, the forward liner 70a and/or the aft liner 70b 
includes a perforated intermediate layer 76 between the 
face sheets 71 and the back sheets 72a, 72b, as will be 
5 discussed in greater detail with reference to Figure 3. 
Whether or not the liners 70 include the intermediate lay- 
er 76, hot gas enters the forward plenum 66 from the 
conduit 61 and passes through both the perforated ex- 
terior portion 58 of the lip surface 55 and the perforated 
10 forward liner 70a to protect the inlet 50 from ice forma- 
tion, as will also be discussed in greater detail below 
with reference to Figure 3. 

[0029] Figure 3 is a partially exploded isometric view 
of a portion of the forward liner 70a shown in Figure 2. 
15 The back sheet 72a includes back sheet apertures 74 
and the face sheet 71a includes face sheet apertures 
73. In one embodiment, each cell of the honeycomb 
core 75a is aligned with at least one back sheet aperture 
74 and at least one face sheet aperture 73 so that hot 
20 gas flows through the entire face sheet 71 a. Alternative- 
ly, the honeycomb core 75a can be slotted to allow hot 
gas to travel between adjacent cells, as will be dis- 
cussed in greater detail below with reference to Figure 
4F. 

25 [0030] In one aspect of the embodiment shown in Fig- 
ure 3, the face sheet apertures 73 are larger than the 
back sheet apertures 74. Accordingly, the open area of 
the face sheet 71 a is substantially larger than the open 
area of the back sheet 72a. For example, in one aspect 
30 of this embodiment, the face sheet apertures 73 have a 
diameter of about 0 .008 inch and the face sheet 71 a has 
an open area or porosity of from about 3% to about 1 0%. 
The back sheet apertures 74 have a diameter of about 
0.002 inch and the back sheet 72a has a porosity of from 
35 about 0.12% to about 0.50%. Alternatively, the face 
sheet 71a and the back sheet 72a can have other con- 
figurations in which the porosity of the face sheet 71 a is 
greater than that of the back sheet 72a. For example, 
the face sheet apertures 73 can have the same size as 
40 the back sheet apertures 74, but the face sheet aper- 
tures 73 can be spaced closer together than the back 
sheet apertures 74 to provide a higher porosity to the 
face sheet 71a than the back sheet 72a. 
[0031] In either embodiment of the forward liner 70a 
45 discussed above, the relatively high porosity of the face 
sheet 71a reduces the pressure loss through the face 
sheet apertures 73. Accordingly, the pressure within the 
honeycomb core 75a is approximately equal to the pres- 
sure along the inlet flow surface 56, and the face sheet 
50 apertures 73 do not significantly effect theflow of air into 
and out of the honeycomb core 75a as sound waves 
pass over the inlet flow surface 56. Another feature of 
the high-porosity face sheet 71 a is that the pressure gra- 
dient across the face sheet 71 a will be reduced. The low 
55 pressure gradient across the face sheet 71 a will be less 
likely to separate the face sheet 71a from the honey- 
comb core 75a. Conversely, the back sheet 72a (which 
has a relatively high pressure differential across it), will 



4 



BNSDOCID: <EP 



1103462A1_I_> 



* 



7 

be forced into engagement with the honeycomb core 
75a, increasing the structural integrity of the forward lin- 
er 70a. 

[0032] Another feature of the relatively low porosity of 
the back sheet 72a is that it limits the amount of hot gas 
passing into the honeycomb core 75a to prevent over- 
heating of the honeycomb core 75a and the inlet flow 
surface 56. For example, in one aspect of this embodi- 
ment, the back sheet apertures 74 can be sized to choke 
the flow of hot gas. Still further, the low porosity of the 
back sheet 72a reduces the impact of the back sheet 
apertures 74 on the acoustic characteristics of the hon- 
ey comb core cells. For example, the low porosity back 
sheet 72a can behave acoustically like a solid surface 
at audible frequencies. 

[0033] In one embodiment, the porosity of the back 
sheet 72a can vary depending on the distance from the 
hilite 53 (Figure 2) . For example, the porosity of the back 
sheet 72a can decrease in a continuous or stepwise 
manner from about 0.20% near the hilite 53 to about 
0.12% near the throat T(Figure 2). Accordingly, the for- 
ward liner 70a can supply more hot air to the hilite region 
(where moisture impingement tends to be relatively 
high) than to the throat region (where moisture impinge- 
ment tends to be relatively low). In other embodiments, 
other devices can control the distribution of the anti-icing 
gas. For example, the forward plenum 66 (Figure 2) can 
be divided into a series of plenums, with plenums near 
the hilite 53 having a higher pressure than those near 
the throat T. 

[0034] The embodiment shown in Figure 3, the inter- 
mediate layer 76 between the face sheet 71 a and the 
back sheet 72a includes intermediate apertures 77 
sized to allow the hot gas to pass entirely through the 
honeycomb core 75a. The intermediate apertures 77 
can be sized and spaced to provide the intermediate lay- 
er 76 with a porosity that is between the porosity of the 
back sheet 72a and the face sheet 71a. For example, 
the intermediate apertures 77 can have a diameter of 
about 0.040 inch and the intermediate layer 76 can have 
a porosity of from about 1% to about 3%. The interme- 
diate layer 76 can be formed by inserting individual por- 
tions of the layer into each cell of the honeycomb core 
75a. Alternatively, the honeycomb core 75a can include 
an inner portion 79a sandwiched between the face 
sheet 71a and the intermediate layer 76, and an outer 
portion 79b sandwiched between the intermediate layer 
76 and the back sheet 72a. The separate honeycomb 
portions 79a and 79b are bonded to the intermediate 
layer 76 and the adjacent face sheet 71 a or back sheet 
72a to form a single unit. 

[0035] One feature of the intermediate layer 76 is that 
it can improve the sound attenuation of the forward liner 
70a by increasing the frequency bandwidth over which 
the cells of the honeycomb core 75a dissipate noise. An- 
other advantage (relevant when the honeycomb core 
75a includes initially separate inner and outer portions 
79a and 79b) is that two relatively shallow honeycomb 
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cores can be more easily formed into compound curves 
(such as are present in the lip region of the inlet 50) than 
can one relatively deep honeycomb core. For example, 
the inner and outer portions 79a and 79b of the honey- 

5 comb core 75a, together with the face sheet 71a, inter- 
mediate layer 76 and back sheet 72a, can be formed 
into the compound shape of the lip region of the inlet 50 
and then bonded using a diffusion bonding technique 
discussed below. Still another advantage is that the in- 
to termediate layer 76 can add strength and rigidity to the 
forward liner 70a. The additional strength can be partic- 
ularly important near the hilite 53 (Figure 2) to protect 
the lip 55 from foreign object damage. 
[0036] In one embodiment, the face sheet 71 a and 

*5 the back sheet 72a are brazed or welded to the honey- 
comb core 75a. Alternatively, these components can be 
attached with adhesives. In another alternative embod- 
iment, the components of the forward liner 70a can be 
attached using a diffusion bonding process. As used 

20 herein, diffusion bonding refers to a process for joining 
metals by subjecting them to elevated pressure and 
temperature without applying an adhesive or filler ma- 
terial to the joint area. Such processes are performed 
by Aeronca, Inc. of Cincinnati, Ohio. An advantage of 

25 the diffusion bonding process is that the process is less 
likely to block the face sheet apertures 73a and/or the 
back sheet apertures 74a because the process does not 
require filler materials or adhesives. 
[0037] The face sheet 71a, back sheet 72a and the 

30 honeycomb core 75a can be formed from aluminum or 
carbon composites. Alternatively, the face sheet 71a, 
the back sheet 72a and the honeycomb core 75a can 
be formed from titanium. One feature of titanium com- 
ponents for the forward liner 70a is that they can with- 

35 stand temperatures of from 400°F up to and in excess 
of 1000°F. Accordingly, bleed air for ice protection can 
be ducted directly from the engine 22 (Figure 1) to the 
forward plenum 66 (Figure 2) without first cooling the 
bleed air. An advantage of this arrangement is that it can 

40 save weight. For example, a heat exchanger (not 
shown), normally required to cool the bleed air, can be 
eliminated. Furthermore, the hot bleed air has a higher 
heat transfer coefficient than cooled bleed air. Accord- 
ingly, the flow rate of the hot bleed air can be reduced, 

45 compared to the flow rate of cooled bleed air, without 
reducing the overall heat transfer rate. As a result, the 
conduit 61 (Figure 1) can be smaller and lighter, reduc- 
ing the overall aircraft weight. 

[0038] Another advantage of the titanium compo- 
se nents discussed above is that they can withstand tem- 
peratures high enough to vaporize solid, organic debris 
(such as insects) that may impinge the in let flow surface 
56. For example, organic debris can be removed by 
heating the face sheet 7 la to a temperature of about 
55 900° F, which is not feasible with conventional aluminum 
or carbon composite components that cannot withstand 
such high temperatures. 

[0039] Returning to Figure 2, the face sheet 71a is 
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heated when the conduit 61 provides hot gas to the back 
sheet 72a and the hot gas passes through the honey- 
comb core 75a. In one embodiment, the conduit 61 can 
include a regulating valve 62 to control the rate of gas 
flow through the conduit 61 . The regulating valve 62, for 
example, can be coupled to a temperature and/or flow 
sensor (not shown) via a feedback loop 68 to automat- 
ically adjust the flow of gas through the conduit 61 in 
response to conditions sensed within the conduit 61 . Al- 
ternatively, the feedback loop 68 can be coupled to an 
external sensor to control the regulating valve 62 based 
on the temperature and/or humidity of the air outside the 
inlet 50. Accordingly, the regulating valve 62 can be con- 
trolled automatically to provide hot gas when anti-icing 
conditions are encountered. The regulating valve 62 can 
be overridden manually and/or can be controlled exclu- 
sively manually in alternate embodiments. 
[0040] The conduit 61 can also include a venturi 63 
that limits the flow of gas through the conduit 61 should 
the regulating valve 62 fail. In one aspect of this embod- 
iment, the venturi 63 is sized to restrict the maximum 
flow through the conduit 61 to a flow rate that will not 
damage the forward liner 70a and other components of 
the forward plenum 66 contacted by the hot gas. 
[0041] The forward plenum 66 can also include a de- 
flector plate 80 positioned to reduce the impact of the 
hot gas on the forward liner 70a. In one aspect of this 
embodiment, the conduit 61 terminates at a location 
flush with the bulkhead 64 such that a terminal opening 
82 of the conduit is flush with a bulkhead opening 83 in 
the bulkhead 64. The deflector plate 80 can be a round 
plate offset from the conduit opening 82 and supported 
by a plurality of standoffs 81 connected to the conduit 
61 and spaced apart around the terminal opening 82. 
Hot gas exiting the conduit 61 accordingly strikes the 
deflector plate 80 and is diverted 90° as it enters the 
forward plenum 66. As the hot gas turns, it also diffuses 
because it travels outwardly in a radial direction. One 
feature of this arrangement is that the hot gas will not 
form a jet directed toward the forward liner 70a when 
the hot gas is first introduced into the forward plenum 
66. Such a jet may increase stress on the forward liner 
70a, requiring more robust (and heavier) support for the 
forward liner 70a. In other embodiments, the conduit 61 
and the deflector plate 80 can have other configurations, 
as will be discussed in greater detail below with refer- 
ence to Figures 5A-6B. 

[0042] The ice protection system 60 can include insu- 
lating layers 84 adjacent to the bulkhead 64 to protect 
the bulkhead 64 and the aft plenum 67 from the high 
temperature environment of the forward plenum 66. The 
bulkhead 64 is securely attached to the external surface 
51 and the internal surface 52 of the inlet 50 to withstand 
the internal pressure of the forward plenum 66. In an 
alternate arrangement, the bulkhead 64 can be formed 
integrally with the face sheet 71 a and the external por- 
tion 58 of the lip surface 55. 

[0043] The pressure within the forward plenum 66 can 



be approximately the same as the pressure in the aft 
plenum 67 when the ice protection system 60 is not op- 
erating. The forward plenum 66 is pressurized up to 10 
psi or higher relative to the aft plenum pressure when 
5 the ice protection system 60 is operating. Once the for- 
ward plenum 66 has been pressurized, the velocity of 
gas within the plenum is generally low as the gas grad- 
ually weeps out through the face sheet 71a. In one as- 
pect of this operation, the rate of gas flow into and out 
10 of theface sheet apertures 73 (Figure3) due to acoustic 
waves passing over the face sheet 71a can be higher 
than the rate of flow of the hot anti-icing gas out of the 
face sheet apertures 73. 

[0044] The ice protection system 60 can be operated 
15 according to one or more of several modes. For exam- 
ple, the system 60 can be operated to generate enough 
heat to evaporate any water droplets impinging the inlet 
50. Alternatively, the system 60 can be operated to pre- 
vent the water droplets from freezing, but to still allow 
20 the water droplets to travel aft toward the engine 22 (Fig- 
ure 1). In still another mode, the system 50 can be op- 
erated intermittently to remove ice formations before 
they build up to a selected size. 
[0045] An embodiment of the ice protection system 60 
25 discussed above with reference to Figures 1 -3 includes 
several features and advantages in addition to those 
previously identified. For example, in one embodiment, 
the ice protection system 60 provides hot gas only to the 
portion of the inlet 50 forward of the throat T, which is 
30 where moisture is most likely to impinge and where ice 
is most likely to form. Accordingly, the amount of hot gas 
removed from the engine 22 is less than some conven- 
tional designs that deliver hot gas to greater portions of 
the inlet 50. This arrangement is advantageous because 
35 it reduces the impact of the ice protection system 60 on 
engine thrust by reducing the amount of gas removed 
from the engine 22. 

[0046] Another feature of an embodiment of the ice 
protection system 60 is that only the forward plenum 66 
40 is pressurized with hot gas. Accordingly, the aft plenum 
67 need not be constructed to withstand high internal 
pressures. An advantage of this feature is that the aft 
plenum 67 can be constructed from lighter weight com- 
ponents, reducing overall aircraft weight. 
45 [0047] Various components of the anti-icing system 
60 and the inlet 50 discussed above with reference to 
Figures 1 -3 can have other configurations without devi- 
ating from the scope of the present invention. For ex- 
ample, the liners 70 can include honeycomb cores hav- 
50 ing different configurations than those shown in Figure 
3, such as those shown in Figures 4A-4F. Figure 4A il- 
lustrates an over-expanded honeycomb core 75c hav- 
ing cells "stretched" in one direction. Figure 4B illus- 
trates under-expanded honeycomb core 75d having 
55 cells "stretched" in a transverse direction. The honey- 
comb cores 75c and 75d can be selectively positioned 
at various locations within the inlet, for example where 
it is desirable to have several openings in theface sheet 
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71a (Figure 3) in fluid communication with the same 
honeycomb core cell. 

[0048] Figure 4C illustrates a honeycomb core 75e 
that is flexible in one direction and Figure 4D illustrates 
a honeycomb core 75f that is flexible in two transverse 
directions. The cores shown in Figures 4C and 4D can 
be flexed to fit into portions of the inlet having high re- 
gions of curvature, for example, nearthe hilite 53 (Figure 
2). Figure 4E illustrates a honeycomb core 75g having 
cells with a diamond cross sectional shape and Figure 
4F illustrates honeycomb core75h having diamond cells 
with slots 78 connecting adjacent cells. In one embodi- 
ment, the slots 78 connect adjacent cells in a circumfer- 
ential direction around the inlet 50 (Figure 1) to allow 
water to drain to the lower regions of the inlet. Axial 
channels (not shown) conduct the water axially to ports 
(not shown) in the back face of the honeycomb core 75h 
to drain the water away from the honeycomb core. Al- 
ternatively, the slots 78 can route hot gas from one cell 
to the next, for example, when not every cell is aligned 
with at least one back sheet aperture 74 (Figure 3). The 
slots 78 can be formed in any of the honeycomb struc- 
tures shown in Figures 3-4 F. 

[0049] Figure 5A is a side isometric view of a deflector 
plate 1 80 supported by standoffs 181 in accordance with 
another embodiment of the invention. The standoffs 1 81 
are connected to the bulkhead 64 directly, rather than 
to the conduit 61 , as was discussed above with refer- 
ence to Figure 2. Figure 5B is an isometric view of a 
deflector plate 280 connected to the bulkhead 64 with a 
flange 281. In other embodiments, the conduit 61 can 
have other deflector and/or standoff arrangements that 
deflect the gas arriving in the forward plenum 66 (Figure 
2) to reduce the impact of the hot gas on the forward 
liner 70a (Figure 2), as was discussed above. 
[0050] Figure 6A is a side isometric view of a conduit 
361 having two conduit openings 382 in accordance 
with another embodiment of the invention. In one aspect 
of this embodiment, the conduit 361 projects through the 
bulkhead opening 83 of the bulkhead 64 and into the 
plenum 66 (Figure 2). Hot gas passing from the conduit 
361 into the plenum 66 is deflected 90° in two directions 
through the conduit openings 382 to reduce the impact 
of the gas on the forward liner 70a (Figure 2). 
[0051] Figure 6B is a side isometric view of a conduit 
461 having two transverse sections 485, each with a 
conduit opening 482. Accordingly, the conduit 461 can 
deflect the flow entering the plenum 66 (Figure 2) in two 
transverse directions. The conduits shown in Figures 6A 
and 6B do not require a deflector plate 80 (Figure 2) be- 
cause the terminal ends of the conduits deflect the gas 
away from the forward liner 70a (Figure 2). 
[0052] Figure 7 is a cross-sectional view of an embod- 
iment of the inlet 50 shown in Figure 1 (looking aft from 
a point forward of the bulkhead 64), in which the inlet 50 
includes a swirl tube conduit 561 . The swirl tube conduit 
561 has an elbow 586 that turns the incoming hot gas 
90° to point in a circumferential direction in the annulus 
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between the exterior portion 58 and the interior portion 
57 of the lip surface 55. The hot gas is expelled from the 
elbow 586 through a plurality of ejector ports 587 to form 
high velocity jets "J". The high velocity jets J exiting the 

5 ports 587 entrain gas in the forward plenum 66, causing 
the gas to circulate at high speed in a clockwise direc- 
tion, as indicated by arrows "A ". A portion of the circu- 
lating gas is removed through an exhaust port 588 to 
allow additional hot gas to enter the plenum. The circu- 

10 lating gas also transpires through the exterior portion 58 
and the interior portion 57 in a manner generally similar 
to that discussed above with reference to Figures 1-3. 
Furthermore, the high speed circulating gas "scrubs" the 
interior portion 57 and the exterior portion 58, to en- 

15 hance the heat transfer to these surfaces. Accordingly, 
the swirl tube conduit 561 can increase the rate at which 
the heat is transferred to the lip surface 55. 
[0053] Figure 8 is a cross-sectional view of the inlet 
50 shown in Figure 7 having a conduit 661 in accord- 

20 ance with another embodiment of the invention. The 
conduit 661 is coupled to a spray tube 689 that is posi- 
tioned annularly between the interior portion 57 and the 
exterior portion 58 of the lip surface 55. The spray tube 
689 includes a plurality of perforations or apertures 690 

25 that distribute the hot gas from the conduit 661 to the 
forward plenum 66. One feature of the spray tube 689 
shown in Figure 8 is that it may uniformly distribute the 
hot gas around the circumference of the inlet 50. Con- 
versely, an advantage of the conduits shown in Figures 

30 2, 5A-B, and 6A-B is that the conduits terminate near 
the bulkhead 64 of the forward plenum 66 and may ac- 
cordingly be lighter than the spray tube 689 shown in 
Figure 8. The conduits shown in Figures 2, 5A-B and 
6A-B may also be less susceptible to corrosion because 

35 they are not perforated. 

[0054] From the foregoing, it will be appreciated that, 
although specific embodiments of the invention have 
been described herein for purposes of illustration, vari- 
ous modifications may be made without deviating from 

40 the spirit and scope of the invention. Accordingly, the 
invention is not limited except as by the appended 
claims. 



45 Claims 

1 . An ice protection system for an aircraft engine inlet, 
comprising: 

so an external surface portion; 

an internal surface portion positioned inwardly 
of the external surface portion; 
a lip surface portion extending between the ex- 
ternal surface portion and the internal surface 

55 portion to define a hilite, at least one of the lip 

surface portion and the internal surface defin- 
ing an inlet flow surface having a minimum flow 
area aft of the hilite, the inlet flow surface hav- 
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ing first apertures defining a first porosity; 
a back surface offset from the inlet flow surface 
having second apertures defining a second po- 
rosity less than the first porosity, the second ap- 
ertures being coupleable to a source of pressu- 
rized, heated gas and being sized to direct a 
quantity of the gas through the first apertures 
sufficient to at least restrict the formation of ice 
on the inlet flow surface; and 
an acoustic core positioned between the back 
surface and the inlet flow surface with at least 
a portion of the first apertures in fluid commu- 
nication with the second apertures through the 
acoustic core. 

2. The system of claim 1 wherein the second aper- 
tures are sized to choke the flow of gas through the 
back surface. 

3. The sy: -3m of claim 1 wherein the inlet flow surface 
has a porosity of about 3% to about 10%. 

4. The system of claim 1 wherein the first apertures 
have a diameter of about 0.008 inch and the second 
apertures have a diameter of about 0.002 inch. 

5. The system of claim 1 wherein the back surface has 
a porosity of from about 0.12% to about 0.20%. 

6. The system of claim 1 wherein a number of second 
apertures per unit area of the back surface is ap- 
proximately equal to a number of first apertures per 
unit area of inlet flow surface, 

7. An ice protection system for an aircraft fj«*w ^e en- 
gine inlet, comprise \g: 



10 



15 8. 



9. 



20 



in fluid communication with the second aper- 
tures through the acoustic core; 
a plenum wail adjacent to the back surface for- 
ward of the minimum flow area, the plenum wall 
and the back surface defining at least a portion 
of a plenum in fluid communication with the sec- 
ond apertures; 

a conduit coupleable to a source of the heated 
gas, the conduit terminating at a single opening 
in the plenum wall; and 
a gas deflector positioned within the plenum 
and facing the conduit and the opening in the 
plenum wall. 

The system of claim 7 wherein the internal surface, 
the lip surface, the acoustic core, and the back sur- 
face include titanium. 

The system of claim 7 wherein the inlet flow surface 
has a first porosity and the back surface has a sec- 
ond porosity less than the first porosity. 



an external sij^ace; 

an internal surface positioned radially inwardly 
of the external surface; 
a lip surface extending between the external 
surface and the internal surface to define a 
hilite, the lip surface and the internal surface to- 
gether defining an inlet flow surface having a 
minimum flow area aft of the hilite, the inlet flow 
surface having first apertures extending there- 
through; 

a back surface offset from the inlet flow surface 
and having second apertures extending there- 
through sized to pass a selected quantity of 
pressurized, heated gas to the inlet flow surface 
sufficient to at least restrict ice formation on the 
inlet flow surface, the second apertures posi- 
tioned only in a region that extends from the 
minimum flow area forward; 
a sound-attenuating acoustic core positioned 
between the back surface and the inlet flow sur- 
face with at least a portion of the first apertures 



10. The system of claim 7 wherein the back surface has 
third apertures aft of the minimum flow area sized 

25 to drain liquid from the acoustic core. 

11 . An ice protection system for an aircraft engine inlet, 
comprising: 

30 an external surface portion; 

an internal surface portion positioned inwardly 
of the external surface portion; 
a lip surface portion extending between the ex- 
tern?! surface portion and hie interr * surf: e 

35 porr'f-n to de .r.e a 'lite, a: ^ast one of the .*p 

sur-ece porno.- and the internal surface portion 
defining an inlet flow surface having a minimum 
flow area aft of the hilite, the inlet flow surface 
having first apertures extending therethrough; 

40 a back surface offset from the inlet flow surface 

and having second apertures extending there- 
through sized to pass a quantity of pressurized 
heated gas through the first apertures sufficient 
to at least restrict ice formation on the inlet flow 
45 surface, the second apertures positioned only 

in a region at or forward of the minimum flow 
area and coupleable to a source of the pressu- 
rized heated gas; and 

a sound-attenuating acoustic core positioned 
so between the back surface and the inlet flow sur- 

face with the first apertures in fluid communica- 
tion with the second apertures through the 
acoustic core. 

55 12. The system of claim 11, further comprising the 
source of pressurized heated gas, wherein the 
source of heated gas includes a compressor of the 
engine. 
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13. The system of claim 11 wherein the acoustic core 
has a plurality of cells, each cell being in fluid com- 
munication with at least one first aperture and at 
least one second aperture. 

5 

14. The system of claim 11 wherein the acoustic core 
includes an intermediate layer between and aligned 
with the inlet flow surface and the back surface. 

15. An ice protection system for an aircraft engine inlet, 10 
comprising: 

an external surface portion; 
an internal surface portion positioned inwardly 
of the external surface portion; 15 
a lip surface portion extending between the ex- 
ternal surface and the internal surface portion 
to define a hilite, at least one of the lip surface 
portion and the internal surface portion defining 
an inlet flow surface having a minimum flow ar- 20 
ea aft of the hilite, the inlet flow surface having 
first apertures extending therethrough; 
a back surface offset from the inlet flow surface 
and having second apertures extending there- 
through, the second apertures being couplea- 25 
ble to a source of pressurized, heated gas to 
direct a quantity of the gas through the first ap- 
ertures suff icient to at least restrict formation of 19. 
ice on the inlet flow surface; and 
a sound-attenuating acoustic core positioned 30 



an external surface portion; 
an internal surface portion positioned inwardly 
of the external surface portion; 
a lip surface portion extending between the ex- 
ternal surface and the internal surface portion 
to define a hilite, at least one of the lip surface 
and the internal su rface portion defining an inlet 
flow surface having a minimum flow area aft of 
the hilite, the inlet flow surface having first ap- 
ertures in a first region proximate to the hilite 
and a second region proximate to the minimum 
flow area, the first region having a first heat 
transfer rate, the second region having a sec- 
ond heat transfer rate less than the first heat 
transfer rate; 

a back surface offset from the inlet flow surface 
and having second apertures coupleable to a 
source of pressurized, heated gas, the second 
apertures being sized to direct through the first 
apertures a quantity of the gas sufficient to at 
least restrict ice formation on the inlet flow sur- 
face; 

an acoustic core positioned between the back 
surface and the inlet flow surface with the first 
apertures in fluid communication with the sec- 
ond apertures through the acoustic core. 

The system of claim 18 wherein a first portion of the 
back surface aligned with the first region has a first 
porosity and a second portion of the back surface 
aligned with the second region has a second poros- 
ity less than the first porosity. 



between the back surface and the inlet flow sur- 
face with the first apertures in fluid communica- 
tion with the second apertures through the 
acoustic core, the acoustic core including at 
least one intermediate layer between the back 
surface and the inlet flow surface, the interme- 
diate layer having third apertures in fluid com- 
munication with the first and second apertures. 

16. The system of claim 15 wherein the core includes 
first cells between the inlet flow surface and the in- 
termediate layer and second cells aligned with the 
first cells and positioned between the intermediate 
layer and the back surface, the first cells bonded to 
one side of the intermediate layer and the second 
cells bonded to an oppositely facing side of the in- 
termediate layer. 

17. The system of claim 15 wherein the inlet flow sur- 
face has a first porosity, the back surface has a sec- 
ond porosity less than the first porosity and the in- 
termediate layer has a third porosity less than or 
equal to the first porosity and greater than or equal 
to the second porosity. 

18. An ice protection system for an aircraft engine inlet, 
comprising: 



20. The system of claim 19 wherein the back surface 
35 has a third portion between the first and second por- 
tions with a third porosity less than the first porosity 
and greater than the second porosity. 

21 . The system of claim 1 8 wherein the first region has 
40 a greater number of apertures per unit area than 

does the second region. 

22. The system of claim 18 wherein second apertures 
in the back surface aligned with the first region are 

45 larger than second apertures in the back surface 
aligned with the second region. 

23. An ice protection system for an aircraft engine inlet, 
comprising: 



50 

an external surface portion; 
an internal surface portion positioned inwardly 
of the external surface portion; 
a lip surface portion extending between the ex- 
55 ternal surface portion and the internal surface 

portion to define a hilite, at least one of the lip 
surface portion and the internal surface portion 
defining an inlet flow surface having a minimum 
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flow area aft of the hilite, the inlet flow surface 
having first apertures extending therethrough; 
a back surface offset from the inlet flow surface 
and the internal surface and having second ap- 
ertures extending therethrough sized to pass to 
the first apertures a quantity of heated gas suf- 
ficient at least restrict formation of ice on the 
inlet flow surface; 

a sound-attenuating acoustic core positioned 
between the back surface and the inlet flow sur- 
face with the first apertures in fluid communica- 
tion with the second apertures through the 
acoustic core; 

a plenum wall adjacent to the back surface, the 
plenum wall and the back surface at least par- 
tially defining a plenum; and 
a conduit coupleable to a source of pressurized 
heated gas, the conduit being coupled to the 
plenum and having at most two exit openings 
in fluid communication with the plenum sized to 
direct the quantity of heated gas into the ple- 
num. 

24. The system of claim 23, further comprising aventuri 
coupled to the conduit to limit a peak flow rate of the 
heated gas through the conduit. 



27. The system of claim 23 wherein the conduit termi- 
nates at a single opening in the plenum wall, the 
conduit having a single conduit opening positioned 
annularly within the opening in the plenum wall, and 
the protection system further comprises a deflector 
plate positioned within the plenum and spaced 
apart from the single conduit opening. 
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25. The system of claim 23 wherein the first apertures 
define a first porosity and the second apertures de- 
fine a second porosity less than the first porosity. 30 

26. The system of claim 23, further comprising a flow 
regulating valve coupled to the conduit. 



35 



40 



28. The system of claim 27 wherein the deflector plate 
is supported by at least one support member con- 
nected to the conduit. 45 

29. The system of claim 27 wherein the deflector plate 
is supported by at least one support member con- 
nected to the plenum wall. 



50 



30. The system of claim 23 wherein the conduit enters 
the plenum at a single location and has two open- 
ings within the plenum, each opening sized to pro- 
vide to the plenum approximately half the quantity 
of heated gas sufficient to at least restrict formation 
of ice on the inlet flow surface. 

31 . An ice protection system for an aircraft engine inlet, 
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comprising: 

a titanium external surface portion; 
a titanium internal surface portion positioned in- 
wardly from the external surface portion; 
a titanium lip surface portion extending be- 
tween the external surface portion and the in- 
ternal surface portion to define a hilite, at least 
one of the lip surface portion and the internal 
surface portion defining an inlet flow surface 
having a minimum flow area aft of the hilite, the 
inlet flow surface having first apertures extend- 
ing therethrough' 

a titanium back surface offset from the inlet flow 
surface and having second apertures extend- 
ing therethrough, the second apertures couple- 
able to a source of pressurized heated gas and 
sized to pass a quantity of the gas selected to 
at least restrict formation of ice on the inlet flow 
surface; and 

a titanium sound-attenuating acoustic core po- 
sitioned between the back surface and the inlet 
flow surface with the first perforations in fluid 
communication with the second perforations 
through the acoustic core, the back surface of 
the acoustic core being coupleable to a source 
of pressurized, heated gas having a tempera- 
ture of at least 400° F. 

32. The system of claim 31 , further comprising the 
source of gas, the source of gas including at least 
one portion of a compressor of the aircraft engine. 

33. A method for forming an ice protection system for 
an aircraft engine inlet, comprising: 

disposing an acoustic core between a flow sur- 
face of the inlet and a back surface offset from 
the flow surface; 

forming first apertures through the flow surface 
to provide the flow surface with a first porosity; 
and 

forming second apertures through the back sur- 
face to provide the back surface with a second 
porosity less than the first porosity, the second 
apertures sized to pass a sufficient quantity of 
pressurized, heated gas through the first aper- 
tures to at least restrict ice formation on the flow 
surface. 

34. The method of claim 33, further comprising forming 
the second apertures to be aligned with a region on- 
ly at and/or forward of a minimum flow area of the 
inlet. 

35. A method for forming an ice protection system for 
an aircraft engine inlet, comprising: 
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disposing a titanium acoustic core between a 
titanium flow surface of the inlet and a titanium 
back surface offset from the flow surface; 
forming first apertures in the flow surface; 
forming second apertures through the back sur- 5 
face, the second apertures sized to pass a suf- 
ficient quantity of pressurized, heated gas 
through the first apertures to at least restrict ice 
formation on the flow surface; and 
coupling to the second apertures a source pres- 10 
surized heated gas having a temperature of at 
least approximately 400° F. 

36. The method of claim 35, further comprising forming 

the first apertures to have a first porosity in the flow 15 
surface greater than a second porosity of the sec- 
ond apertures in the second surface. 

37. A method for inhibiting ice from forming at an inlet 

at an aircraft engine, the inlet having a flow surface, 20 
a back surface offset from the flow surface, and an 
acoustic core between the flow surface and the 
back surface, the method comprising: 

directing pressurized, heated gas through back 25 
surface of the inlet; 

directing the gas through the acoustic core and 
through the flow surface only in a region at or 
forward of a minimum flow area of the inlet at a 
rate sufficient to at least restrict ice formation 30 
on the flow surface; and 
attenuating sound waves in the inlet by receiv- 
ing the sound waves in the acoustic core. 

38. The method of claim 37, further comprising provid- 35 
ing the gas to the first apertures at a temperature of 

at least 400° F. 
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